Streptococcal toxic shock syndrome (STSS) is a severe invasive infection characterized by the sudden onset of shock and multiorgan failure; it has a high mortality rate. Although a number of studies have attempted to determine the crucial factors behind the onset of STSS, the responsible genes in group A Streptococcus have not been clarified. We previously reported that mutations of csrS/csrR genes, a two-component negative regulator system for multiple virulence genes of Streptococcus pyogenes, are found among the isolates from STSS patients. In the present study, mutations of another negative regulator, rgg, were also found in clinical isolates of STSS patients. The rgg mutants from STSS clinical isolates enhanced lethality and impaired various organs in the mouse models, similar to the csrS mutants, and precluded their being killed by human neutrophils, mainly due to an overproduction of SLO. When we assessed the mutation frequency of csrS, csrR, and rgg genes among S. pyogenes isolates from STSS (164 isolates) and non-invasive infections (59 isolates), 57.3% of the STSS isolates had mutations of one or more genes among three genes, while isolates from patients with non-invasive disease had significantly fewer mutations in these genes (1.7%). The results of the present study suggest that mutations in the negative regulators csrS/csrR and rgg of S. pyogenes are crucial factors in the pathogenesis of STSS, as they lead to the overproduction of multiple virulence factors.
Introduction
Streptococcus pyogenes (group A Streptococcus; GAS) is one of the most common human pathogens. It causes a wide variety of infections, ranging from uncomplicated pharyngitis and skin infections to severe and even life-threatening manifestations, such as necrotizing fasciitis (NF) and bacteremia. Several streptococcal virulence factors, including pyrogenic exotoxins, streptokinase, and streptolysins, are reportedly involved in these diseases. Streptococcal toxic shock syndrome (STSS) is a severe invasive infection that has been recently characterized by the sudden onset of shock and multiorgan failure; it has a high mortality rate, ranging from 30% to 70% [1] . There is controversy as to whether the cause of STSS largely depends on host factors or bacterial factors. Although many studies have sought to determine the crucial factors behind the onset of STSS, the responsible GAS genes have not been clarified.
Recently, we and others have reported that mutations in the csrS (covS) gene-a sensor gene of a two-component regulatory system-were detected in a panel of clinical isolates from severe invasive streptococcal infections, but not in non-STSS isolates [2] [3] [4] . Mutations in the gene caused an increased expression of various virulence genes; the upregulation of streptolysin O (SLO) induced necrosis of neutrophils and prompted the escape of csrS mutated strains from being killed by neutrophils, resulting in increased virulence in lethality in the mouse model [2] . Complementation of the wild csrS gene into csrS-mutated STSS isolates dramatically decreased their virulence in lethality [2] . Similarly, csrR (covR) mutations were found in the clinical isolates of STSS patients [5] . Such results suggest that csrS/csrR mutations are closely associated with the onset of STSS.
However, several study groups that investigated the csrS/csrR gene sequence in each STSS isolate [3, 4, 6, 7] also report that there is no mutation in the csrS/csrR gene of STSS isolates [4] . These results raise questions as to how frequently STSS isolates have mutations in the csrS/csrR genes in a mass of isolates, and what mutations other than csrS/csrR genes may be responsible for the onset of STSS.
In this study, we sequenced the csrS/csrR genes of 164 GAS strains that have been isolated from STSS patients in Japan since 1992. Almost one-half of the STSS isolates had a mutation in the csrS/csrR genes. In addition, we found a mutation in the rgg (ropB) gene, instead of the csrS/csrR genes, in the clinical isolates of patients with STSS. Since the rgg gene negatively regulates various virulence genes in a manner similar to that of the csrS gene, a mutation of the rgg gene in STSS clinical isolates increased the expression of several virulence genes and virulence in lethality in the mouse model. Such mutations were detected at a high frequency in more than 50% of STSS isolates. These findings suggest that mutations in the negative regulators such as csrS/csrR and rgg of S. pyogenes bring about overproduction of a number of virulence factors, such as SLO, and play a crucial role in the onset of STSS.
Results

Mutation frequency of the csrS/csrR gene in STSS isolates
In our previous study, we reported that there were various types of mutations in the csrS gene of emm49 clinical isolates from STSS patients [2] and in the csrR gene in emm3 clinical isolates from STSS patients [5] . These findings strongly suggest that csrS/csrR mutations play important roles in the pathogenesis of STSS. To evaluate the frequency of these csrS/csrR mutations in isolates from clinical cases of STSS [8] , we sequenced the csrS and csrR genes in STSS clinical isolates from sterile sites (164 isolates) and non-STSS clinical isolates from non-sterile sites (59 isolates). The diagnoses, sites of bacteria isolation, and characteristics of S. pyogenes isolates are described in Table 1 . Of the 164 STSS clinical S. pyogenes isolates, 55 isolates (csrS, 46 isolates; csrS + rgg, 9 isolates) (33.5%) had mutations in the csrS gene, 19 isolates (csrR, 13 isolates; csrR + rgg, 6 isolates) (11.6%) had mutations in the csrR gene, and 2 isolates (1.2%) had mutations in both genes (Tables 1 and 2 ). The csrS and csrR genes of these isolates had deletions, point mutations, or insertions that created nonfunctional CsrS and CsrR products, as shown previously [2, 4, 5] . Therefore, 76 isolates (46.3%) had mutations in the csrS and/or csrR genes, while the remaining 88 STSS isolates (53.7%) had mutations in neither csrS nor csrR (Tables 1 and 2 ). On the other hand, non-STSS GAS isolates had a significantly lower number of mutations in the genes [csrS mutation, 1.69% (1/59); csrR mutation, 0% (0/59); total, 1.69% (1/59); p = 0.00000000062 by x 2 analysis]. Although csrS/csrR mutations were more common among STSS isolates examined than among non-STSS isolates, they were not present in all STSS isolates. This may suggest that mutations in other regulatory genes may also be found among STSS isolates.
rgg or csrS mutations in STSS clinical isolates
To identify novel bacterial factors that may contribute to the pathogenesis of STSS, we next investigated the expression pattern of virulence factors in S. pyogenes isolates. We determined the sequence of the csrS/csrR genes from a panel of emm-matched GAS isolated from STSS patients; NIH1 (also called SSI-1), NIH3, NIH8, NIH34, NIH152-3, NIH249, NIH327, and NIH352 were clinical isolates of the emm3 genotype from STSS and C500, OT22, and K33 were emm3 non-STSS isolates (Tables 1 and S1 ). A mutation in the csrS gene was found in NIH152-3, NIH249, NIH327, and NIH352 of the STSS isolates; however, the other STSS and non-STSS GAS isolates had mutations in neither the csrS nor the csrR gene (data not shown). To determine whether other emm3 STSS strains have possible mutations in their genomes, we used comparative genome sequencing (CGS) [9] , a microarray hybridization-based method developed to search for singlenucleotide polymorphisms (SNPs) and insertion-deletion sites within a genome between emm3 STSS and non-STSS isolates. We found several genes with SNPs in the NIH1 genome in comparison with that of non-invasive isolates K33. Three (codY, csrR and rgg) of them had non-synonymous amino acid change in NIH1 but not in K33 and C500 (Table S2) . We further sequenced these 3 genes in other non-invasive isolate, OT22 and STSS isolates, NIH3, NIH8 and NIH34. A couple of genetic differences which affect amino acid sequence were detected between the STSS and non-STSS GAS isolates (Table 3 ). All four STSS isolates (NIH1, NIH3, NIH8, and NIH34) had some difference in SPs1742 (Rgg) but not in non-STSS isolates (C500, OT22, and K33) ( Table 3 ). SPs1742 is identified as the rgg gene, a transcriptional regulator of multiple genes [10] [11] [12] [13] , although the role of the rgg gene is controversial [14] .
Increased SLO expression in STSS isolates with csrS or rgg mutations
We [2] and others [4] have previously reported that STSS emm49 and emm1 clinical isolates exhibit a higher expression of the SLO gene (slo) than non-STSS isolates, due to a mutation in the csrS gene. Therefore, we examined whether a panel of emm3-genotyped STSS isolates possessing mutations in the csrS or rgg gene and emm3 non-STSS isolates lacking mutations could produce SLO (i.e., secretion of SLO in the culture supernatant). The comparison of the supernatants at the same growth condition (data not shown) showed that larger amounts of SLO were secreted by STSS isolates possessing mutations in the csrS gene (NIH152, NIH249, NIH327, and NIH352) or rgg gene (NIH1, NIH3, NIH8, and NIH34) than by non-STSS isolates (C500, OT22, and K33) (Figure 1 ). These data suggest that rgg mutations may be related to an increased expression of SLO, as observed in the case of csrS mutations. To clarify the role of rgg gene mutation in STSS isolates in terms of SLO production, we created the rgg mutants K33rgg and OT22rgg, non-STSS isolates into which an rgg mutation had been introduced. They exhibited increased SLO secretion, as observe with STSS isolates (Figure 1 ). In contrast, when an intact rgg gene was integrated into the genomic DNA of the STSS isolates NIH8 and NIH34 (NIH8rgg + and NIH34rgg + ), the SLO secretion was decreased to the level of that in non-STSS isolates ( Figure 1 ). Taken together, it appears that the mutation of the rgg gene was responsible for increased SLO production in the culture supernatant as that of csrS gene was.
Enhanced expression of various virulence genes in STSS isolates is attributed to mutation of the rgg gene
It has been reported that Rgg influences the transcription of many virulence-associated genes in S. pyogenes [10] [11] [12] [13] . To test the possibility that the transcriptional expression levels of virulence genes are regulated by the function of the rgg gene, we performed
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Group A streptococcus (GAS) causes life-threatening severe invasive diseases, including necrotizing fasciitis and streptococcal toxic shock-like syndrome. Although many studies have attempted to determine factors that are crucial for the onset of streptococcal toxic shock syndrome (STSS), bacterial factors responsible for it have not been clarified. By comparing genome sequences of clinical GAS isolates from STSS with those of non-invasive infections, we showed that mutations of negative regulator genes (csrS, csrR, rgg) were detected at a high frequency of more than 50% in STSS isolates, but at a low frequency of less than 2% in non-invasive isolates. These mutations of negative regulators were found in various emm-genotyped STSS isolates but not in a particular emm genotype. These mutants enhanced virulence in mouse models. Such results indicated that mutations of bacterial negative regulators are crucial for the pathogenesis of STSS due to the overproduction of multiple virulence factors under the de-repressed conditions. STSS, streptococcal toxic shock-like syndrome; mut, mutation; SLO, streptolysin O; aa, amino acid; Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; Gln, glutamine; Glu, glutamic acid; Gly, glysine; His, histidine; Ile, Isoleusine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; real-time polymerase chain reaction (RT-PCR) with specific primers for each virulence-associated gene. The amounts of mRNA of protein G-related alpha2-macroglobulin-binding protein (grab), nicotine adenine dinucleotide glycohydrolase (nga), streptodornase (phage-associated) (sdn), streptokinase (ska), and slo in the STSS isolate of NIH34 with the rgg mutation were larger than those of the pharyngitis isolate of K33 with the intact rgg gene (Figure 2 ). On the other hand, the amounts of mRNA of the cystein protease (speB) and streptolysin S (sagA) genes in the STSS isolate of NIH34 were less than a half of those in the non-STSS isolate of K33 (Figure 2 ). The amounts of mRNA of the IgGdegrading protease of GAS, Mac-1-like protein (mac), C5a peptidase (scpA), IL-8 protease (scpC), superantigen (speA), and DNA gyrase (gyrA) genes in NIH34 were almost the same as those in K33 (Figure 2 and data not shown). NIH34rgg + suppressed the expression of virulence-associated genes to the levels found in non-STSS isolates; further, the expression of speB and sagA genes was increased to levels observed in non-STSS isolates (Figure 2) . Additionally, the expression pattern of the virulence genes in K33rgg was similar to that in the STSS isolate NIH34 (Figure 2 ). These findings suggest that the transcriptional expression of multiple virulence genes, including the slo gene in GAS, was strongly influenced by the mutation in the rgg gene.
rgg mutation is important in the pathogenesis of invasive infections in mouse models
To elucidate the role of rgg in infections in vivo, we used GAS intraperitoneal injections to compare the lethality and histopathology of NIH34 with that of the K33 strain in a mouse model. The NIH34 strain showed significantly higher lethality than the K33 strain (p = 0.00027) ( Figure 3A) . Introduction of the rgg mutation in the K33 strain (K33rgg) resulted in higher lethality among infected mice than the K33 strain (p = 0.00067) and exerted a level of lethality similar to NIH34. The NIH34 strain into which an intact rgg gene (NIH34rgg + ) had been introduced exhibited less lethality than the NIH34 strain (p = 0.0000097) and possessed the same level of lethality as the K33 strain. We confirmed that bacteria isolated from kidney or liver of infected mice at day 6 retained the mutation (data not shown). Therefore, the mutation of the rgg gene in the STSS isolates contributed to enhanced lethality in the mouse model. Histopathological examination of mice infected with NIH34 or K33rgg strains was carried out. Scattered multiple inflammatory foci containing bacterial colonies were observed in the kidney. The foci were accompanied with neutrophil infiltration, cell debris and hyalinization ( Figure 3B ). In contrast, no significant pathological change was observed in mice inoculated with the K33 or NIH34rgg + strains ( Figure 3B) . In another mouse model of soft-tissue infections, subcutaneous infection with NIH34 or K33rgg resulted in significantly larger lesions as compared to the infection with NIH34rgg + or K33 (p,0.01) ( Figure 3C ). Bacteria were isolated from spleen and kidney after the subcutaneous infection of the rgg mutants but not the intact rgg strains. We confirmed that bacteria isolated from lesions retained the mutation (data not shown).This showed that subcutaneous inoculation of mice led to the systemic spreading in the rgg mutant. These results suggest that the rgg-mutated strains isolated from STSS patients are more virulent in vivo than strains from patients with non-invasive infections, and that the increase in virulence in vivo is canceled by introducing an intact rgg gene.
Mechanism of the resistance of rgg mutants to killing by human neutrophils
In our previous study, using the Transwell system, we showed that SLO, which causes necrosis in neutrophils, and an IL-8 protease of ScpC are important for bacterial resistance to killing by Trp, tryptophan; Tyr, Tyrosine; Val, valine; WT, wild type. + in csrS, csrR,and rgg, the same sequence as the wild typed gene of SF370. + in SLO, enhanced production. -in SLO, the same amount as the wild strain of SF370. Accession No. deposited in DDBJ. *: Each gene of these isolates was presented in previous publications [2, 5] . doi:10.1371/journal.ppat.1000832.t001 Table 1 . Cont. a csrS mutation affects significantly the expression of slo gene [18] , and the mutant shows mucoid colony because the expression of the capsule synthesis operon is increased [4, 39] . The function of CsrS was determined by colony morphology and by increase of SLO production. b csrR mutation does not affect significantly the expression of slo gene [18] . The cause of SLO increase in the 9 csrR mutants was described in the section of Discussion. The csrR mutant shows mucoid colony because the expression of the capsule synthesis operon is increased [4, 39] . The function of csrR was determined by colony morphology.
c rgg mutation affects significantly the production of slo gene [ Figure 1 , [16] ] and SpeB [14, [16] [17] . The function of Rgg was determined by the increase of SLO production and the decrease of SpeB production. doi:10.1371/journal.ppat.1000832.t002
neutrophils [2] . Here, we examined the effect of rgg mutation on resistance to killing by neutrophils. As shown in Figure 4A , the migration ability of human neutrophils in response to chemokine IL-8 did not significantly differ between K33 and K33rgg or between NIH34 and NIH34rgg + . Furthermore, the scpC mutation in the NIH34 strain did not have a significant influence on the migration of human neutrophils, compared to the csrS mutation, as previously reported ( Figure 4A ). This finding is in accordance with the less influence of ScpC expression in the rgg mutation (Figure 2) . Collectively, the mutation of the rgg gene had little influence on the migration of human neutrophils in response to IL-8. As previously reported [2] , migrated neutrophils may be killed by the STSS GAS isolates via enhanced SLO production, and therefore we examined this possibility. Human neutrophils were efficiently killed by the rgg-mutated strains (NIH34 and K33rgg), whereas strains with the intact rgg gene (K33 and NIH34rgg + ) did not cause obvious impairment of neutrophils ( Figure 4B ). In the slo-deficient mutant, the ability to kill neutrophils was abolished. Nicotine adenine dinucleotide glycohydrolase (Nga) is a cytotoxic protein secreted through the SLO complex [15] . Based on the results that the nga expression was negatively regulated by the rgg gene (Figure 2) , we examined the lethal activity of the nga mutant against neutrophils. The neutrophil-killing activity was significantly decreased in an nga-deficient mutant (NIH34nga), but to a lesser extent as compared to the activity of NIH34slo. Therefore, these findings strongly suggest that SLO is a factor essential for neutrophil-killing activity in rgg-mutated emm3 STSS isolates, and that Nga partially influences the neutrophil-killing activity.
Comparison of virulence between the csrS and rgg mutations
In our previous study, a csrS mutation in the emm49-genotyped strains was a key to the onset of severe invasive streptococcal infections [2] . The csrS mutant showed higher lethality in a mouse model and more efficiently killed human neutrophils than the nonmutated strain [2] . Therefore, we next compared the effect of the mutation in the csrS gene with that in the rgg gene, in terms of in vivo virulence in lethality and impairment of neutrophil function in vitro. Intraperitoneal infection of mice with the csrS mutant (K33csrS) caused earlier death and higher lethality than did infection with the rgg mutant (K33rgg) (p = 0.017) ( Figure 3A) . Furthermore, K33csrS strains decreased the migration ability of neutrophils in response to IL-8, and they induced necrosis of migrated neutrophils to a greater degree than did the rgg mutants ( Figures 4A, B) . These and the aforementioned results suggest that the rgg mutant can escape being killed by neutrophils only because of the SLO function, and not because of ScpC, whereas both SLO and ScpC in the csrS mutant contribute to the escape. This suggests that the csrS mutant may be more virulent in systemic infections than the rgg mutant, owing to its ability to up-regulate more virulence factors such as ScpC (Figures 2 and 3A,B) . Mutation frequency of the rgg and the csrS/csrR genes in STSS clinical isolates
In this study, we found that there are mutations in the rgg gene or the csrS/csrR genes in STSS clinical isolates. We sequenced the rgg gene in strains isolated from sterile sites of STSS patients and found that 42 of 164 (25.6%) isolates carried some mutations (deletion, point mutation, or insertion) in the rgg gene. To determine whether these mutations contributed to a loss of Rgg function, we examined the level of SLO and SpeB [14] secretion and compared it with that in non-STSS isolates because overproduction of SLO [This study , 16] and less secretion of SpeB are also reported in the rgg mutation [14, [16] [17] . We defined these phenotyped isolates as Rgg non-functional mutants. In 33 of 42 isolates, SLO production had increased and SpeB production had decreased (Tables 1 and 2 and data not shown). All of remaining nine rgg mutants (strains with mutation only in rgg) showing no increase of SLO expression were emm12-genotyped strains and had a mutation at the same position in comparison with other non-invasive strains. This mutation was synonymous in the level of amino acid, so we defined the mutants are functional as shown in Table 2 . Collectively, 11.0%, 28.0%, 7.9%, 1.2%, 5.5%, and 3.7% of the 164 STSS clinical isolates carried non-functional mutations in the rgg, csrS, csrR, both csrS and csrR, both csrS and rgg, and both csrR and rgg genes, respectively, so that a total of 57.3% of the STSS isolates carried mutations in one or more of these negative regulator genes (Tables 1 and 2 ). On the other hand, the frequency of mutations in these genes was very low (1.7%) in noninvasive isolates (Tables 1 and 2 ). Therefore, the incidence of mutations in these genes is higher in STSS isolates than in noninvasive isolates (p,0.01 by x 2 analysis). This finding suggests that mutations in the csrS/csrR genes or the rgg gene are crucial factors causing severe invasive infections, such as STSS.
Discussion
Since the late 1980s, STSS caused by S. pyogenes has become a serious health problem in both developed and developing countries. In this study, we found a high frequency of mutations of negative regulators in STSS clinical isolates. The rgg mutant killed human neutrophils, impaired multiple organs, and enhanced lethality in the mouse model, similar to the csrS mutant. These findings suggest that the impairment of negative regulators of S. pyogenes virulence genes induces neutrophil incompetence and subsequent STSS infection. This study is the first to show that clinical S. pyogenes isolates from STSS patients have mutations in one or more of genes--rgg, csrS, and csrR--which are involved in the negative regulation of multiple virulence genes.
In our previous study, we found mutations in the csrS/csrR genes of 5 emm49 strains isolated from patients with severe invasive infections [2] . In the present study, we further examined whether STSS isolates other than the emm49 genotype possess mutations in the csrS and csrR genes: 46.3% of the STSS isolates including various emm genotypes had non-functional mutations in one or more of the csrS/csrR genes. This finding suggests that mutations in the csrS/csrR genes are commonly recognized in STSS clinical isolates with various emm genotypes.
We have shown that the amount of SLO protein produced in STSS isolates is greater than that in non-STSS isolates, and that this effect is due to mutations in both the rgg and csrS genes of the isolates. The loss of function incurred by the mutation in the rgg gene in emm3-genotyped S. pyogenes affected the regulatory network of the virulence-associated genes; hence, the mutated strains could resist killing by neutrophils and caused damage to various organs in the mouse models. Therefore, the mutated emm3-genotyped S. pyogenes strains may potentially cause severe infections such as STSS in humans. Hollands et al. [14] reported that a mutation of the rgg (ropB) gene reduces M1T1 group A streptococcal virulence. We examined the contribution of Rgg to the pathogenesis of systemic infections by using a clinical emm1-genotyped STSS isolate, NIH186, and an emm1-genotyped pharyngitis isolate, Se235. NIH186 and Se235rgg, both of which had a mutation in the rgg gene, showed higher lethality than NIH186rgg + and Se235, in both of which the rgg gene is intact (data not shown). The rgg mutants impaired neutrophils to a greater extent than the rggintact strains did ( Figure S1 ); this finding suggests that rgg mutants are more virulent than rgg-intact strains, in the emm1 genotype. Therefore, the discrepancy between the finding in this study and that of Hollands et al. [14] may be attributed to modified regulation of SLO expression in rgg-mutated isolate in the latter, but not downregulation of speB and sagA operons.
Rgg is reported to regulate the transcription of many virulenceassociated genes in S. pyogenes [10] [11] [12] [13] , and its regulatory profile varies among strains used [16] [17] . Nevertheless, up-regulation of the slo, nga and ska genes and down-regulation of the speB gene are commonly found in the rgg mutation of emm3-genotyped isolates ( Figure 2 ) and of M49 serotyped-strains, NZ131 and CS101 [16] [17] , suggesting they are the Rgg core regulon of GAS strains.
In recent studies, it has been reported that expression of the rgg gene is positively regulated by CsrS [4] , while it is negatively regulated by CsrR [16] . Expression of the slo gene is enhanced in the csrS mutant ( Figure 2) [2,4 ], but not in the csrR mutant [18] . In this study, the expression of the slo gene was enhanced in the rgg mutant (Figure 2) , suggesting that the enhancement of the slo gene may serve as the same regulatory pathway as the effect of the csrS mutation. These findings suggest that CsrS affects the Rgg regulon as well as the CsrR regulon ( Figure 5) ; in the csrS mutant, CsrR is not phosphorylated by CsrS, and Rgg expression is suppressed.
It has been reported that the csrR null-mutation does not affect the expression of SLO [18] . However, Treviñ o et al. [19] reported that SLO production increases as a result of a csrR mutation in which histidine replaces arginine at position 119 of the CsrR protein; however the protein retained DNA-binding activity. The strains carrying such a kind of mutation are phenotypically identical to the csrS mutants [19] . Nine csrR mutants in this study showed increased SLO production (Tables 1 and 2 ), 2 (NIH136 and NIH300) of which had an amino acid replacement at position 119 of CsrR protein. Other 7 isolates showed mutation in the N-terminal amino acid of CsrR, but the exact mechanism of the CsrR mutant remains to be solved.
The csrS/csrR and rgg genes negatively regulate various virulence genes; however, they regulate different virulence genes. The slo, Figure 2 . Mutation of the rgg gene influences expression of virulence-associated genes. The expression of virulence-associated genes in non-STSS, STSS GAS isolates, and strains into which an intact gene or mutant rgg or mutant csrS gene had been introduced was analyzed by RT-PCR; columns represent the relative mRNA expression levels of virulence-associated genes of each strain: nicotine adenine dinucleotide glycohydrolase (nga), streptolysin O (slo), streptokinase (ska), protein G-related alpha2-macroglobulin-binding protein (grab), streptodornase (phage-associated) (sdn), streptolysin S (sagA), streptococcal pyrogenic endotoxin (speB), and IL-8 protease (scpC). The expression level of K33 strain is shown as 1. Values are means 6 SD (n = 4). doi:10.1371/journal.ppat.1000832.g002 Figure 3 . Mutation of rgg gene enhances the lethality and histopathology of GAS in mouse in vivo infection models. (A) Survival curves of mice infected with each strain. Mice were intraperitoneally inoculated with 1610 7 CFU of each GAS, and mouse survival was observed for 7 days postinfection. Mortality differences were statistically significant (P,0.01), as determined by a log-rank test. Survival curves were generated from 3 independent experiments using a total of 10-16 ddY mice for each strain. (B) Histopathological changes in the kidneys of mice infected with GAS. Tissue was extracted at 24 h after the intraperitoneal injection of GAS (1610 7 CFU). The black arrows indicate clusters of bacteria with filtrated inflammatory cells. The triangle heads indicate fibrous debris. (C) Lesion areas of subcutaneous infection in hairless mice injected with GAS. 1610 7 CFU in 100 mL suspension of GAS in PBS was injected subcutaneously, and the lesion area and body weight were measured each day after infection. The peak values are shown as means 6 SD (n = 5). *The skin-lesion area in rgg mutant strains-infected mice was significantly larger than that in rgg intact strains (p,0.05), as estimated by ANOVA. doi:10.1371/journal.ppat.1000832.g003 nga, and ska genes are negatively regulated by both CsrS/R and Rgg. The grab gene is negatively regulated by Rgg, while the mac, scpA, and scpC genes are negatively regulated by CsrS [2] (Figure 2) . Thus, in terms of impairing neutrophil function, the csrS mutant inhibits the migration of neutrophils due to the destruction of IL-8 by the increased expression of scpC ( Figure 5 ) [2] ; meanwhile, the rgg mutant does not significantly affect the expression of scpC. On the other hand, since both rgg and csrS genes negatively regulate the expression of slo, infections with these mutants result in damage of neutrophils due to the increased production of SLO in the foci. This may explain why neutrophils are observed histopathologically in some cases of severe invasive infection, but are not in others. Indeed, our mouse model shows that neutrophils clustered around the foci of bacteria in the kidney infected by the rgg mutant ( Figure 3B ) but not by the csrS mutant [2] .
The slo, nga, and ska genes are negatively regulated by both CsrS and Rgg [2] (Figure 2 ). We previously reported that SLO is an important virulence factor for the necrosis of neutrophils, which leads to higher lethality of infected mice [2] . Nucleosidase (NADase), which is encoded by the nga gene, contributes to severe invasive infections by GAS in the murine model of infection [20] . Streptokinase, which is encoded by the ska gene, has an important role in GAS invasion and proliferation [21] . STSS isolates carrying mutations in the csrS gene and/or the rgg gene commonly increased the expression of these genes [2; this study]. Thus, overproduction of these factors in the mutants could cooperatively contribute to increased virulence, thus causing the onset of STSS.
Notably, the mutation frequency of these genes in STSS isolates (57.3%) was much higher than that in non-invasive isolates (1.7%). These results suggest that mutations in the negative regulators of various virulence genes are important to the STSS onset. However, 42.7% of the STSS isolates did not have mutations in the csrS/csrR or rgg genes. Such strains may have mutations in other various other two-component regulatory systems or regulators in the S. pyogenes genome [22] , which would be the focus of our research. We could not exclude the possibility that clinical severity of infection by strains lacking any mutations in the three genes depends on host factors, and not on bacterial factors. Specific human leukocyte antigen class II haplotypes are associated with a risk of disease severity [23] , and the importance of both host and environmental factors has been reported [24] .
In the mouse model, the csrS mutant (K33csrS) showed higher lethality than the rgg mutant. However, in the present study, the mortality rate of STSS patients infected with the rgg mutant was 60.9%, while that of patients infected with the csrS mutant was 47.2% (data not shown). These findings suggest that the rgg mutant also causes high lethality in humans, which may indicate differences in disease severity between humans and mice. Streptokinase is highly specific for human plasminogen, exhibiting little or no activity to those of other animal species [25] . Human-specific pathogenic factor(s) may influence virulence in cases of infection with the rgg mutant.
Collectively, we showed that mutations of negative regulators that result in the overproduction of multiple virulence factors are important to the onset of severe invasive infections such as STSS. Recently, it has been reported that community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA) causes severe invasive infections, resulting in NF or even death [26, 27] . The enhanced virulence of CA-MRSA has been linked to an overproduction of leukolytic peptides, phenol-soluble modulins (PSMs) [28, 29] . The production of PSMs is regulated under the strict control of agr [29] . The change of expression of the agr regulator results in increased expression of virulence factors and increased virulence. Severe invasive infections are caused not only by S. pyogenes but also by other bacteria such as other Streptococcus, Staphylococcus aureus, Vibrio vulnificus, and Aeromonas spp. Such severe invasive infections may be caused by the coordinated overexpression of multiple virulence factors that are affected by the global regulatory network.
Methods
Ethic statement
This study complies with the guidelines of the declaration of Helsinki. This study protocol was approved by the institutional individual ethics committees for the use of human subjects (the National Institute of Infectious Diseases Ethic Review Board for Human Subjects) and the animal experiments (the National Institute of Infectious Diseases Animal Experiments Committee). Written informed consent was obtained from all study participants or their legal guardians for the patients who died. All clinical samples and healthy human neutrophils were stripped of personal identifiers not necessary for this study. All animal experiments were performed according to the Guide for animal experiments performed at National Institute of Infectious Diseases, Japan.
Bacterial strains and culture conditions
The S. pyogenes strains and plasmids used in this study are described in Tables 1 and S1 . The STSS criteria in this study are based on those proposed by the Working Group on Severe Streptococcal Infections [8] . The clinical isolates used were isolated from sterile sites of patients with STSS (164 isolates; age 0-99 years) and from non-sterile sites of patients with non-invasive infections (59 isolates; ages 1-67 years). The isolates from STSS and non-invasive infections were collected by the Working Group for Beta-hemolytic Streptococci in Japan, as previously reported [30] . Escherichia coli DH5a was used as a host for plasmid construction and was grown in a Luria-Bertani liquid medium with shaking or on agar plates at 37uC. S. pyogenes was cultured in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY medium) without agitation or on tryptic soy agar supplemented with 5% sheep blood. Cultures were grown at 37uC in a 5% CO 2 atmosphere. When required, antibiotics were added to the medium at the following final concentrations: erythromycin, 300 mg/mL for E. coli and 1 mg/mL for S. pyogenes; and spectinomycin (Sp), 25 mg/mL for each of E. coli and S. pyogenes. The growth of S. pyogenes was turbidimetrically monitored at 600 nm, using a MiniPhoto 518R (Taitec, Tokyo, Japan).
DNA sequencing and data deposit
The nucleotide sequences of the csrS, csrR, and rgg genes were determined by automated sequencers, i.e., an Applied Biosystems 3130xl Genetic Analyzer and an Applied Biosystems 3130 Genetic Analyzer (both Applied Biosystems, Tokyo, Japan). Sequencing data were deposited in the DNA Data Bank of Japan (DDBJ).
Animals
Male five to six-week-old outbred ddY and hairless mice were purchased from SLC (Shizuoka, Japan) and maintained in specific Figure 5 . Schema of regulatory network and its dysfunction in STSS isolates leading to host evasion. CsrS phosphorylates CsrR, and the CsrR represses expression of a number of virulence genes including rgg and scpC [18] . CsrS also positively regulates the expression of rgg [4] , which suppresses slo gene expression (Figure 2 ). The rgg mutation causes an overexpression of SLO, which kills neutrophils, but has no influence on ScpC expression. In the csrR mutant, overproduced ScpC inhibits the migration of neutrophils, and upregulated Rgg reduces the slo gene expression. In the csrS mutant, inactive form of CsrR leads to the overproduction of ScpC, which inhibits the migration of neutrophils, and decrease of Rgg leads to the overproduction of SLO, which kills neutrophils. doi:10.1371/journal.ppat.1000832.g005
pathogen-free (SPF) conditions. All animal experiments were performed according to the guidelines of the Ethics Review Committee of Animal Experiments of the National Institute of Infectious Diseases, Japan.
Construction of deletion or deficient mutants
(i) Construction of the rgg mutant. A 692-bp DNA fragment containing the internal region of rgg was amplified from the NIH34 (for emm3) and NIH186 (for emm1) chromosomal DNA, using the primers of rgg-del1 and rgg-del2 (Table S3 ). The PCR products were digested by BamHI and EcoRI. This fragment was then cloned into the integration shuttle vector pSF152 [31] to create the plasmid pSF152rgg3 and pSF152rgg1, respectively, which was then used for the chromosomal inactivation of the rgg gene, as described previously [31] . The inactivated mutant strains K33rgg, OT22rgg, S1rgg, Se235rgg and F482rgg (rgg::aad9 Sp r ) were then selected by using spectinomycin-containing agar plates. Deficiency of the native rgg gene was verified by PCR.
(ii) Construction of the csrS mutant. A 930-bp DNA fragment containing the internal region of csrS was amplified from the K33 chromosomal DNA, using the primers of csrS-def1 and csrS-def2 (Table S3 ). The PCR products were digested by BamHI and EcoRI. This fragment was then cloned into the integration shuttle vector pSF152 to create the plasmid pSF152csrS, which was then used to create K33csrS, as described above.
(iii) Construction of the slo mutant. A 1,061-bp DNA fragment containing the internal region of slo was amplified from the NIH34 chromosomal DNA, using the primers of slo-del3 and slo-del4 (Table S3 ). The PCR products were digested by BamHI and EcoRI. This fragment was then cloned into the integration shuttle vector pSF152 to create the plasmid pSF152slo, which was then used to create NIH34slo, as described above.
(iv) Construction of the scpC mutant. A 1,240-bp DNA fragment containing the internal region of scpC was amplified from the NIH34 chromosomal DNA, using the primers of scpC-del5 and scpC-del6 (Table S3 ). The PCR products were digested by BamHI and EcoRI. This fragment was then cloned into the integration shuttle vector pSF152 to create the plasmid pSF152scpC, which was then used to create NIH34scpC, as described above.
(v) Construction of the sdn mutant. A 693-bp DNA fragment containing the internal region of sdn was amplified from the NIH34 chromosomal DNA, using the primers of sdn-def3 and sdn-def2 (Table S3 ). The PCR products were digested by BamHI and EcoRI. This fragment was then cloned into the integration shuttle vector pSF152 to create the plasmid pSF152sdn, which was then used to create NIH34sdn, as described above.
(vi) Construction of the nga mutants. A 1,071-bp DNA fragment containing the 59 terminal of nga and the adjacent upstream chromosomal DNA was amplified from the NIH34 chromosomal DNA, using the primers of ngadel1 and ngadel2 (Table S3) ; additionally, a 775-bp fragment containing the 39 terminal of nga and the adjacent downstream chromosomal DNA was amplified from the NIH34 chromosomal DNA, using the primers of ngadel3 and ngadel4 (Table S3 ). These two PCR products were digested by BamHI and EcoRI and by EcoRI and PstI, respectively. The digested fragments were cloned into the erythromycin-resistant and temperature-sensitive shuttle vector pJRS233 [32] , to create the plasmid pJRSDnga. This plasmid was then introduced into the strain NIH34 by electroporation, and transformants were selected on erythromycin agar plates at 30uC. To create an integration of pJRSDnga with the chromosome, transformants were grown at 39uC and selected with erythromycin. Replacement of the native nga gene by the nga-deleted mutant allele was verified by PCR, and the resultant strain was named NIH34nga.
Construction of strains integrating the intact rgg gene
The replacement of a mutated rgg gene by an intact rgg gene was performed by allelic recombination. Specifically, the chromosomal DNA derived from the GAS strains K33 (for emm3) and F482 (for emm1) was purified and used as a template for the PCR amplification of the intact rgg gene. The primers used were 59-GGGGATCCTTATGGCTATATCATAGCTG-39 (sense) and 59-GGGAATTCTGTTGAGATAAACTACACC-39 (antisense). The PCR fragment was ligated into the plasmid pSF152, and the resultant plasmids pSFrgg3+ (for emm3) and pSFrgg1+ (for emm1) were used for chromosomal integration into the mutated rgg gene of isolates from STSS patients, as described previously [31] . The integrated strains (Sp r ) were then selected by using spectinomycin (Sp)-containing agar plates. Integration of the intact rgg gene was confirmed by PCR.
Western blotting
A total of 1 mL of the supernatant of an overnight bacterial culture (OD 600 = 1.0) was passed through a 0.45-mm pore size membrane filter (Nippon Millipore, Tokyo, Japan), to remove the remaining cells. Proteins in the resulting cell-free supernatant were precipitated with 10% trichloroacetic acid and resuspended in a sample loading buffer containing a saturated Tris base. Samples were heated at 100uC for 3 min and separated on sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gels. To detect SLO, the proteins on the gels were electrophoretically transferred onto a PVDF membrane. The membrane was blocked with 5% nonfat milk +0.2% Tween-20 and reacted with primary anti-SLO polyclonal antibody (American Research Products, Belmont, MA, USA), secondary antibody peroxidase-conjugated anti-rabbit Ig (GE Healthcare, Tokyo, Japan), and an ECL Plus Western blotting Detection System (GE Healthcare).
Complete-genome comparisons
Complete-genome comparisons were performed with an arraybased service (CGS) provided by NimbleGen Systems Inc. (Madison, WI, USA) [9] . The reference genome sequence used in the microarray was that of S. pyogenes SSI-1 (GenBank accession No. BA000034).
Quantitative RT-PCR analysis
Total RNA was extracted from bacterial cells using the RNeasy Protect Bacteria Mini Kit (QIAGEN, Tokyo, Japan), according to the manufacturer's instructions. Complementary DNA synthesis was performed with the PrimeScript RT reagent kit (Perfect Real Time) (Takara Bio, Otsu, Japan), also following the manufacturer's instructions. Transcript levels were determined using the ABI PRISM Sequence Detection System 7000 (Applied Biosystems) and Premix Ex Taq (Perfect Real Time) (Takara). For real-time amplification, the template was equivalent to 5 ng of total RNA. Measurements were performed in triplicate; a reverse-transcription-negative blank of each sample and a no-template blank served as negative controls. The primers and probes used are listed in Table S4 .
GAS infection in a mouse model
GAS was grown to late-log phase (OD600 = 0.620.8) at 37uC in a 5% CO 2 atmosphere, pelleted by centrifugation, washed twice with sterile phosphate-buffered saline (PBS), suspended in sterile PBS. A total of 1610 7 CFU of GAS suspended in 0.5 mL of PBS was injected intraperitoneally into five to six-week-old ddY outbred male mice (10-16 mice/GAS isolate). The number of surviving mice was compared statistically, using the Kaplan-Meier log-rank test. For the subcutaneous infection model, male hairless mice Hos:Hr-1 were injected with 1610 7 CFU of GAS in a 100-ml suspension of GAS in PBS. The lesion area was measured daily and analyzed. Dissemination in kidney and spleen of GAS was evaluated by colony counting at day 7 post-infection.
Histopathological examination
For histopathological analysis, the tissues from GAS-infected mice were directly fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E).
Isolation of human neutrophils
Human neutrophils were isolated from the venous blood of five healthy volunteers, in accordance with a protocol approved by the Institutional Review Board for Human Subjects, National Institute of Infectious Diseases [2] . This study complies with the guidelines of the declaration of Helsinki.
Migration assay
Chemotaxis assays were performed as previously described [2] . Briefly, 5610 5 neutrophils in Roswell Park Memorial Institute (RPMI) medium containing 25 mM HEPES and 1% FCS in Transwell inserts (3-mm pore size; Coaster, Corning, NY, USA) were placed in 24-well plates containing 600 ml medium or 100 nM interleukin (IL)-8 solution (Pertec, London, UK); the plates were then incubated with or without 5610 6 bacteria for 1 h at 37uC, in advance of the assay. After 1 h of incubation, cells in the lower wells were collected and 10 4 10-mm microsphere beads (Polysciences Inc., Warrington, MA, USA) were added. Cells were stained with propidium iodine (Sigma, St Louis, MO, USA) for flow cytometry to quantify the viable neutrophils; analysis was performed, using the FACS Calibur (BD Biosciences, San Jose, CA, USA). Figure S1 Effect of rgg mutation of emm1-genotyped S. pyogenes on survival of human neutrophils. Human neutrophils migrated in the lower wells of a Transwell system in response to IL-8. The migrated human neutrophils were brought into contact with various emm1 GAS strains (S1, Se235, and F482; non-STSS clinical isolates, NIH60 and NIH186; and STSS isolates and their rgg mutants) (Table S1) 
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